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Abstract

Background: Activator protein 2 alpha (AP-2a) is involved in a variety of physiological processes. Increased AP-2o
expression correlates with progression in various squamous cell carcinomas, and a recent publication found AP-2a to be
overexpressed in ~70% of Head and Neck Squamous Cell Carcinoma (HNSCC) patient samples. It was found to repress
transcription of the tumor suppressor gene C/CAAT Enhancer Binding Protein alpha (C/EBPx), and its binding site correlated
with upstream methylation of the C/EBPo. promoter. Therefore, we investigated the potential for AP-20 to target
methylation to additional genes that would be relevant to HNSCC pathogenesis.

Principal Findings: Stable downregulation of AP-2a stable by shRNA in HNSCC cell lines correlated with decreased
methylation of its target genes’ regulatory regions. Furthermore, methylation of MLH1 in HNSCC with and without AP-2a.
downregulation revealed a correlation with microsatellite instability (MSI). ChIP analysis was used to confirm binding of AP-
20 and HDAC1/2 to the targets. The effects of HDAC inhibition was assessed using Trichostatin A in a HNSCC cell line, which
revealed that AP-2a targets methylation through HDAC recruitment.

Conclusions: These findings are significant because they suggest AP-2a plays a role not only in epigenetic silencing, but
also in genomic instability. This intensifies the potential level of regulation AP-2a. has through transcriptional regulation.
Furthermore, these findings have the potential to revolutionize the field of HNSCC therapy, and more generally the field of
epigenetic therapy, by targeting a single gene that is involved in the malignant transformation via disrupting DNA repair
and cell cycle control.
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Introduction

The Activator Protein-2 family is composed of five members
(a1, B, 7, €, 9). These genes are transcription factors that play roles in
apoptosis, cell cycle regulation, tissue differentiation, and develop-
ment [1]. Activator protein 2 alpha (AP-2a) is involved in a variety
of processes, including adipogenesis [2], neuronal development [1],
and is suspect in cancer progression [3]. AP-20 binds as a homo or
heterodimer to targets that contain the motif “GCCNNNGGC” in
their regulatory regions [4]. After binding, AP-200 can either
function as a transcriptional activator or repressor [5,6]. It is
normally expressed at very low levels in keratinocytes, and it is
elevated in proliferating, malignant keratinocytes of squamous cell
carcinoma of the skin [7]. Furthermore, UVA irradiation increases
AP-20 expression and results in malignant transformation [3,8].
Because AP-2a transcriptionally regulates such genes as p27 and
CDH1, it is feasible to propose its relevance in tumorigenesis [9]. In
fact, AP-2a has been shown to act as both a tumor suppressor and
an oncogene in different cancer types [3,5,8]. It appears this is

@ PLoS ONE | www.plosone.org

determined by the type and quantity of AP-2 isoforms and AP-2
modulating factors present in the cell [9].

Histone and promoter DNA methylation have been revealed in
the past decade to be a frequent cause of gene silencing of tumor
suppressors in a variety of malignancies [10,11]. DNA methylation
sterically inhibits transcription factor binding, thereby inhibiting
gene activation [12]. Conversely, decreased gene transcription has
been shown in some cases to precede and propogate DNA
methylation, resulting in more stable gene downregulation. For
example, a transcriptional suppressor protein that competes with a
transcriptional activator for the same binding site could result in
decreased activation through increased methylation [13].

AP-20. is one such example, providing transcriptional repression to
some genes which are also epigenetically modified[14,15]. It competes
with the activator SP1 for binding to these target promoters, thereby
repressing transcription [2,16]. AP-2ot has previously been shown to
recruit HDAGs to specific gene promoters following retinoic acid
induction [15], and a recent study observed that regions of frequent
methylation in Acute Lymphoblastic Leukemia often contained
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AP-2a binding sites [17]. Therefore, it is reasonable to hypothesize
that in cancer cells AP-200 may bind to specific target genes, silence
transcription, and propagate DNA methylation in order to stably
silence tumor suppressors and DNA repair genes.

The following study investigates 8 target genes in HNSCC for
the possibility of AP-2a-induced targeted methylation and
subsequent gene silencing. Decreased AP-2a expression was found
to correlate with decreased target methylation, increased target
gene expression, and decreased microsatellite instability. ChIP
analysis revealed an association between AP-200 and HDAC
binding to target promoters. Also, the effect of HDAC inhibition
on target methylation mirrored that of AP-2a. downregulation.
Therefore, the mechanism of AP-2a-induced methylation is likely
explained by HDAC recruitment.

Results

AP-2a downregulation decreases target gene
methylation

Using a previously generated HNSCC cell line (SCC22B) in
which AP-2a is stably downregulated [14](Figure la), DNA
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methylation was analyzed in 16 potential AP-20 target genes’
promoters (list shown in Table S1). These genes were selected
based on previous evidence for methylation in a variety of
malignancies and potential regulation by AP-2a. (i.e. the presence
of consensus AP-20. binding sites in the target’s promoter). A
preliminary methylation screen was performed in wildtype
SCC22B cells, which yielded methylation in 8/16 of the targets
tested: RARB2, DCC, DAPK, PTEN, MLHI, CDHI, P73, and
RASSFIA (Figure 1b and Figure S2). Bisulfite sequencing was then
performed on these eight genes in SCC22B cells with and without
AP-20. downregulation (detailed gene diagrams are displayed in
Figure S1). Of these eight genes, five genes (RARB2, PTEN, MLH1,
CDH1, and RASSF14) showed some level of demethylation in the
SCC22B cells with AP-2a0 downregulation compared to the
wildtype cells (Figure 1b; graphical representation in Figure 1d).

Decreased target gene methylation correlates with
decreased expression

In order to assess the significance of the target methylation,
western blot analysis was performed on lysates from the wildtype
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Figure 1. Targeted methylation and repression via AP-2a in HNSCC cell lines SCC22B. a) Western blot analysis to confirm AP-2o
downregulation in SCC22B. b) Via bisulfite sequencing analysis, methylation of 5 target genes was compared between SCC22B cells with and without
AP-20, expression. Gene drawings indicate the CpG island and bisulfite PCR product in relationship to the transcription start site (arrow). Solid circles
represent methylated CpGs; whereas, open circles represent unmethylated CpG sites. The small bars represent the location of the predicted AP-2a
site. ¢) Western blot analysis was performed to analyze methylation’s effect on target expression. d) Graphical representation of the average
methylation percentage in the 5 target genes analyzed. * P-value =0.042; ** P-value = 0.040; *** P-value=0.014.

doi:10.1371/journal.pone.0006931.9001
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and AP-2a-downregulated SCC22B cells. This revealed a visible
increase in protein expression in 3/5 of the genes (ie. PTEN,
MLHI, and RASSFIA) and no detectable change in RASGRF?
(Figure 1c). Not surprisingly, CDH1 showed a decrease in protein
expression in response to AP-2o-downregulation, which correlates
with previous findings that AP-2a is required for activation, not
repression, of this gene (Figure 1¢)[18]. AP-2a has previously been
shown to regulate PTEN [19], but the findings of AP-20 regulation
of MLHI and RASSFIA are novel.

AP-200 was also downregulated in additional HNSCGC cell lines
(SCC11B and SCC17as)(Figure 2a). The methylation status of the
3 genes with decreased methylation and increased expression in
AP-20-downregulated SCC22B cells (i.e. RASSFIA, MLHI, and
PTEN) was analyzed. SCCl7as displayed subtle decreases in
PTEN and MLHI methylation in the AP-2a-downregulated cells
(Figure 2b and 2d), and both SCC11B and SCC17as revealed
increased target gene expression after AP-200 downregulation
(Figure 2c). AP-20-targeted methylation was also investigated in
malignancies other than HNSCC, and colon cancer was selected
based on the association of MLHI methylation [20,21,22]. AP-20
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was downregulated in two colon cancer cell lines, HCT116 and
HT29 (Figure S3a). The region analyzed for MLHI1 showed
insignificant methylation levels in the vector-only cancer cells for
both HT29 and HCT'116 (Figure S3b). However, both PTEN and
RASSFI1A demonstrated slightly higher levels of methylation, which
were decreased in correlation with AP-2o0 downregulation in both
HT29 and HCT116 (Figure S3c).

AP-20. downregulation seems to be associated with
decreased MSI

Methylation of MLHI, a DNA repair gene, has been pre-
viously shown to correlate with microsatellite instability in colon,
gastric, and endometiral cancers [20,21,22]. Therefore, MSI was
compared in SCC22B, SCC17as, SCC11B, HCT116, and HT29
cells with and without AP-2a downregulation. Interestingly, MSI
primers yielded fewer products in both SCC22B and SCC17
as AP-2o-downregulated cells compared to the control cells
(Figure 3a) (SCC22B=Bat25, D185487, D175250, D2S123,
Bat40, and DI18S56; SCCl7as=Bat25, D18S487, D2S123,
D18S67, and Bat40; D18S56 did not amplify in SCC17as). This
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Figure 2. Varied target methylation and expression following AP-20. downregulation in HNSCC cell lines SCC11B and SCC17as. a)
Western blot analysis to confirm AP-2o downregulation in SCC11B and SCC17as. b) Methylation in 3 target genes was compared between SCC11B
and SCC17as cells with and without AP-2a expression. Solid circles represent methylated CpGs; whereas, open circles represent unmethylated CpG
sites. ¢) Western blot analysis was performed to analyze methylation’s affect on target expression. d) Graphical representation of the average

methylation percentage in the 3 target genes analyzed.
doi:10.1371/journal.pone.0006931.g002
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Figure 3. Decreased MSI following AP-20 downregulation in HNSCC cell lines SCC22B and SCC17as. a) 9 MSI markers were used with
DNA from SCC22B and SCC17as cells with and without AP-2a downregulation, and the products were analyzed on an 8% PAGE gel. b) ChIP analysis
using an AP-2a antibody in SCC22B cells with and without AP-2a. downregulation. ChIP eluate was then utilized for quantitative PCR using MLH1
promoter primers. c) Bisulfite sequencing analysis of 3 additional DNA repair genes in WT SCC22B cells. Because no methylation was observed in the
WT cells, it was unnecessary to analyze methylation in AP-20. downregulated cells. Solid circles represent methylated CpGs; whereas, open circles

represent unmethylated CpG sites.
doi:10.1371/journal.pone.0006931.g003

suggests a potential decrease in MSI in these cells correlating with
decreased AP-200 (Figure 3a). As expected, the cell lines that
exhibited no change in MLH1 methylation (SCC11B, HT29, and
HCT116) in the region tested did not reflect any changes in MSI
with AP-200 downregulation (data not shown).

In order to confirm AP-200 actually binds to the MLHI
promoter, ChIP analysis was performed in SCC22B with and
without AP-2a0 downregulation. This revealed AP-2a0 does bind to
the MLHI promoter, and this binding is decreased in the AP-20-
downregulated cells (Figure 3b). Methylation screening was
performed for additional DNA repair genes (i.e. MSH3, PMS2,
and RAD50) that contained both CpG islands and potential AP-2a
binding sites within their promoter elements. This bisulfite
sequencing analysis revealed relatively no methylation of these
genes (Figure 3c).

Decreased AP-2a. and HDAC1/2 binding to target
promoters following AP-2a downregulation

In a previous publication, AP-2a binding to target promoters
was shown to precede recruitment of HDAC proteins to the
region for more stable silencing [15]. Therefore, to address the
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mechanism by which AP-20 may affect gene methylation and
silencing in these HNSCC cells, ChIP analysis was performed
on SCC22B cells with and without downregulation of AP-2a.. As
expected, this semi-quantitative analysis revealed AP-200 and
HDAC1/2 binding to all of the target promoters tested, except
PTEN, in the wildtype SCC22B cells (Figure 4a). Furthermore,
both AP-200 and HDAC binding was reduced in the AP-2a
downregulated cells. HDAC1 was found to be more frequently
associated with the targets compared to HDAC2, which did not
pulldown RASSFIA. Since AP-200 and SP1 bind to the same
consensus sequence, SP1 binding was also investigated in order
to assess whether increased target gene expression was due to
the restored binding of the activator SP1 following removal of
AP-20.. With the exception of CDHI, decreased AP-2a binding
did not allow increased SP1 binding as would have been
expected.

HDAC inhibition’s effect on target methylation correlates
with AP-2a downregulation

In order to investigate whether the mechanism of AP-2a-
targeted methylation involved HDAC: recruitment and activity,

September 2009 | Volume 4 | Issue 9 | e6931
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Figure 4. AP-2a interacts with HDAC1/2, and HDAC activity is required for targeted methylation in HNSCC cells. a) ChIP analysis was
performed using AP-2a, SP1, HDAC1, and HDAC2 antibodies in SCC22B cells with and without AP-2ac downregulation. ChIP eluate was then utilized
for quantitative PCR using CDH1, RASGRF2, MLH1, RASSF1A, and PTEN promoter primers. b) Western blot analysis demonstrating increased acetylation
following Trichostatin A (TSA) treatment. ¢) Bisulfite sequencing analysis was performed in SCC22B cells before and after TSA treatment. Solid circles
represent methylated CpGs; whereas, open circles represent unmethylated CpG sites. d) Graphical representation of the average methylation
percentage in the 3 target genes analyzed. * P-value =0.0452; ** P-value=3.77x10"°.

doi:10.1371/journal.pone.0006931.g004

class I and II HDACs were inhibited via Trichostatin A (TSA).
Efficacy of TSA treatment was verified via western analysis for
acetyl histone H4K5 (Figure 4b). Following T'SA treatment, target
methylation was then compared with that of the SCC22B cells
with intact HDAC: activity. Both PTEN and MLH1 demonstrated
a significant decrease in methylation subsequent to TSA
treatment; however, RASSFIA remained unchanged (Figure 4c;
#* Povalue=3.77x10"° and * 0.0452, respectively; graphical
quantitation shown in Figure 4d). This correlates with previous
findings that TSA alone is insufficient to change the histone
acetylation status of RASSFIA [23]. However, no obvious change
in target gene expression resulted from the increased acetylation
(data not shown). This may be due to the brief time course
(24 hours), which may not allow enough time for the methylation
changes to reflect their impact on expression [24].

AP-2a downregulation correlates with decreased mitosis

Because AP-2a0 appears to target methylation and silencing of
certain tumor suppressor genes in this HNSCC cell line,
downregulation of AP-2a (i.e. relief of tumor suppressor silencing)
should correlate with decreased proliferation. We performed cell
cycle analysis by flow cytometry on the HNSCC cells SCC22B
with endogenous AP-20,, AP-2a overexpression (Figure 5a), and
downregulation of AP-2a.. The pattern in AP-20 overexpressing
cells looked similar to endogenous AP-2a0 expression; however,
HNSCC cells with AP-200 downregulation exhibited significantly
less cells in mitosis (Figure 5b; P-value = 0.0003).

@ PLoS ONE | www.plosone.org

Lack of AP-2a inhibits remethylation of PTEN following 5-
aza-2' deoxycytidine treatment

In order to exclude the possibility that AP-2a is affecting DNA
methylation at the global level, an methylation sensitive digest was
performed on DNAs from SCC22B cells with and without AP-2a
downregulation. This revealed no substantial difference in DNA
methylation levels between the two cell types (Figure 5c),
suggesting the DNA methylation changes from AP-2a0 are gene-
specific. To determine whether AP-20. acts to maintain or induce
this specific target DNA methylation, the HNSCC cells SCC22B
(+/— AP-20. shRNA) were treated with a demethylating drug
(5-aza-2'deoxycytidine) and then permitted to recover methylation
by continued culturing in the absence of the drug. Cells collected
at 7 days post-treatment showed no PTEN methylation in both cell
types (Figure 5d). However, after 10 days PTEN methylation was
returning in the SCC22B cells with AP-200 expression, whereas,
PTEN remained unmethylated in the cells lacking AP-200 ex-
pression (Figure 5d). Therefore, this is suggestive of a mechanism
by which AP-2a induces target methylation.

Discussion

It has previously been shown that AP-2o is expressed at
relatively low levels in normal keratinocytes and is significantly
elevated in cancerous and proliferating keratinocytes in squamous
cell carcinoma of the skin [7]. Forced expression of AP-2o in
keratinocytes causes increased expression of the oncogene
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Amyloid Precursor Protein (APP), and these two genes have both
been found to be increased in squamous cell carcinomas [25].
Furthermore, AP-20 interacts with SMADZ2/5 to affect TGFB
signaling, which is frequently disrupted in HNSCC [26]. These
findings reveal the potential importance of AP-2a’s transcriptional
regulation of target genes in the pathogenesis of HNSCC.

It has been suggested that AP-2as ability to repress target genes
results in cellular transformation and tumorigenesis [27], and
decreased transcriptional suppression of AP-2a targets via abolished
target binding has been shown to favor cellular differentiation
[2,28]. In agreement, the results of this study in HNSCC reveal that
downregulating AP-200 increases target gene expression by
decreasing promoter DNA methylation and results in decreased
cellular proliferation. In addition to its effects on proliferation, AP-
200 also has been shown to potentially impact microsatellite
instability through its interaction with p53 and subsequent RADS5
suppression [29]. In this study, we demonstrate that AP-20
expression correlates with increased MSI in HNSCC cell lines,
which correlates with MLHI methylation and decreased expression.

It has been demonstrated that AP-20. may help to recruit HDACs
to the promoters to which it is bound [15]. Therefore, we investigated
the association between AP-200 and HDAC binding to target
promoters. This revealed a correlation between AP-20 and HDAC
binding, and HDAC: inhibition via TSA yielded similar effects on
target demethylation as AP-200 downregulation. In fact, in some cases
such as SCC11B and SCC17as, deacetylation via HDAC recruit-
ment may be the primary means of target silencing by AP-2a (since
AP-20. downregulation yielded no accountable methylation changes).
Therefore, this study reveals that AP-200 acts as a suppressor for
certain “tumor suppressive” genes in HNSCC by targeting promoter
methylation and/or deacetylation via HDAC recruitment.

@ PLoS ONE | www.plosone.org

Perhaps most interesting is the novel discovery that AP-2a is not
only involved in the epigenetic silencing of tumor suppressor and
DNA repair genes, but also appears to contribute to microsatellite
instability in HNSCC. In this manner, AP-20 allows for both
increased tumor proliferation and increased genomic instability.
Furthermore, this phenomenon in HNSCC is distinct from the
colon cancer cell lines used in this study, in which MSI appears to
be unaffected by AP-2a expression changes. In light of a recent
publication demonstrating AP-2a overexpression in 69% of
HNSCC patients [14], these findings emphasize the impact AP-
20 has in HNSCC pathogenesis. Therefore, clinical treatment that
targets AP-20. expression in the context of the MSI-positive
HNSCC tumor would potentially deter tumor proliferation (ie. via
PTEN and RASSFIA reexpression) and resolve genomic instability
(ie. via MLHI reexpression).

Methods

Cell lines, antibodies, and plasmids

The established human HNSCC cell lines used in the study
(SCC22B, SCC11B, and SCC17as) were kindly provided by Dr.
Thomas Carey, University of Michigan. Cell lines were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% Fetal Bovine Serum (FBS) and 1% streptomycin/penicillin
(S/P) antibiotics. MLH]1 (abcam; ab9144), CDH1 (Cell Signaling;
4065), RASGRF1/2 (Santa Cruz; sc-28580), RASSFIA (abca-
m;ab23950), o- TUBULIN (Cell Signaling Technologies; Danvers,
MA), PTEN (monoclonal antibody clone 6H2.1; Cascade
Biosciences, Portland, OR), AP-20. (abcam; ab18112), and acetyl
Histone H4 Lys 5 (Upstate Cell Signaling Solutions; 07-327). The
AP-200 shRNA construct was previously described [14]. The
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AP-20 overexpression construct was made by PCR amplification
of the complete AP-200 cDNA sequence, using primers with
EcoRV and Sall ends. Blunt-end ligation was performed using
pBABE following BamHI digestion and Klenow polymerase
reaction.

DNA isolation
DNA was isolated using the DNA QiaAmp kit (Qiagen)

according to the manufacturer’s protocol.

Trichostatin A (TSA) treatment

The SCC22B cell line was treated with either 300 nM or 5 pM
TSA for 24 hours. The cells were then collected for western blot
analysis and DNA isolation. The 5 uM treated cells were used for
the bisulfite sequencing analysis.

5-aza-2'deoxycytidine treatment

Cells were treated with 1 UM of the drug (Sigma-Aldrich) for
96 hours while maintaining ~50% confluency and changing the
drug daily.

Western blot analysis

Whole cell lysates were suspended in lamaelli buffer and boiled
for 15 minutes, followed by centrifugation. Lysates were loaded
onto a 7.5% acrylamide gel and run for 2 hours at 110 volts
followed by semidry transfer of the proteins to nitrocellulose
membranes. The membranes were then blocked in 5% milk for
1 hour. 1:1,000 dilution of the primary antibodies were incubated
with the blot overnight shaking at 4 degrees Celsius. A one hour
incubation with the secondary antibodies (1:5,000 dilution)
followed. The blots were then washed in 1x TBS-Tween for
1 hour and films exposed using ECL solutions. Western blots are
representative of three independent experiments.

MSI analysis

Commonly used MSI primers were utilized for the analysis
(Bat25, Bat26, Bat40, D2S123, D175250, D18S55, D18S56,
D18S67, and D185S487)[30,31,32,33]. DNA was isolated from
HNSCC SCC22B cells with and without AP-2a0 downregulation
using the Qiagen DNA mini kit according to the standard protocol
(Qiagen). 5 ng of this DNA (1 pl) was used for PCR along with
10 ul HotStart mix (Qiagen), 6 pl water, and 2 gl primer
(20 pmol). The PCR products were subsequently subjected to
electrophoresis on an 8% polyacrylamide gel.

Combined Bisulfite Restriction Analysis (COBRA)
COBRA was performed as previously described [34]. Primer
sequences will be provided upon request.

Bisulfite sequencing analysis
Bisulfite sequencing was performed as previously described [35].
Primer sequences will be provided upon request.

Chromatin immunoprecipitation analysis
ChIP analysis was done as previously described [34], according
to the Upstate Cell Signaling Solutions protocol. Sequences of the
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Found at: do1:10.1371/journal.pone.0006931.s001
RTF)
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Figure S1 Diagram of 5 genes displaying the amplified region in
respect to the corresponding gene and associated CpG island.
Bisulfite sequencing analysis was performed on five genes which
yielded differences in methylation following AP-20. downregula-
tion in HNSCC. The diagram shows the location of the bisulfite
PCR product, the CpG island, and the gene layout. The numbers
provided are in respect to the transcription start site.

Found at: doi:10.1371/journal.pone.0006931.s002 (2.55 MB
DOC)

Figure 82 Some methylated genes in HNSCC are unaffected by
AP-20. downregulation. Bisulfite sequencing analysis was per-
formed on three genes which yielded no substantial differences in
methylation following AP-2a. downregulation. Solid circles repre-
sent methylated CpGs; whereas, open circles represent unmethy-
lated CpG sites.

Found at: doi:10.1371/journal.pone.0006931.s003 (2.07 MB TIF)

Figure S3 AP-200 downregulation in colon cancer cell lines
causes a subtle decrease in RASSF1A and PTEN methylation. a)
Western blot analysis showing AP-20. downregulation in HT29
and HCT116 cell lines. b) Bisulfite sequencing analysis on MLH1
shows little methylation in WT HCT116 and HT29 cell lines. c)
Bilsulfite sequencing analysis on RASSFIA and PTEN in
HCT116 and HT29 colon cancer cell lines with and without
AP-20. downregulation. Solid circles represent methylated CpGs;
whereas, open circles represent unmethylated CpG sites.

Found at: doi:10.1371/journal.pone.0006931.s004 (1.67 MB TIF)

Acknowledgments

We thank Dr. Thomas Carey for the provision of the HNSCC: cell lines
used in this study, and members of the Eng lab, and Drs. Aaron Gruver,
Angela Ting, and Micheala Aldred for thoughtful discussions. CE is the
Sondra J. and Stephen R. Hardis Chair of Cancer Genomic Medicine at
the Cleveland Clinic, a Doris Duke Distinguished Clinical Scientist, and an
American Cancer Society Clinical Research Professor.

Author Contributions

Conceived and designed the experiments: KB CE. Performed the
experiments: KB. Analyzed the data: KB. Contributed reagents/
materials/analysis tools: TR. Wrote the paper: KB. Helped offer critique
of experiments: TR. Suggested some experiments and also offered
sufficient feedback on the written portion: CE.

3. Han CY, Lim SC, Choi HS, Kang KW (2008) Induction of ErbB2 by ultraviolet
A irradiation: potential role in malignant transformation of keratinocytes.
Cancer Sci 99: 502-509.

4. Imagawa M, Chiu R, Karin M (1987) Transcription factor AP-2 mediates
induction by two different signal-transduction pathways: protein kinase C and
cAMP. Cell 51: 251-260.

September 2009 | Volume 4 | Issue 9 | e6931



20.

. Bosher JM, Totty NF, Hsuan JJ, Williams T, Hurst HC (1996) A family of AP-2

proteins regulates c-erbB-2 expression in mammary carcinoma. Oncogene 13:

1701-1707.

. Hilger-Eversheim K, Moser M, Schorle H, Buettner R (2000) Regulatory roles

of AP-2 transcription factors in vertebrate development, apoptosis and cell-cycle
control. Gene 260: 1-12.

. Oyama N, Takahashi H, Tojo M, Iwatsuki K, Tizuka H, et al. (2002) Different

properties of three isoforms (alpha, beta, and gamma) of transcription factor AP-
2 in the expression of human keratinocyte genes. Arch Dermatol Res 294:
273-280.

. Gille J, Reisinger K, Asbe-Vollkopf A, Hardt-Weinelt K, Kaufmann R (2000)

Ultraviolet-A-induced transactivation of the vascular endothelial growth factor
gene in HaCaT keratinocytes is conveyed by activator protein-2 transcription
factor. J Invest Dermatol 115: 30-36.

. Orso F, Penna E, Cimino D, Astanina E, Maione F, et al. (2008) AP-2alpha and

AP-2gamma regulate tumor progression via specific genetic programs. FASEB ]

22: 2702-2714.

. Jones PL, Wolffe AP (1999) Relationships between chromatin organization and

DNA methylation in determining gene expression. Semin Cancer Biol 9:
339-347.

. Fujita N, Takebayashi S, Okumura K, Kudo S, Chiba T, et al. (1999)

Methylation-mediated transcriptional silencing in euchromatin by methyl-CpG
binding protein MBD1 isoforms. Mol Cell Biol 19: 6415-6426.

Singh H, Sekinger EA, Gross DS (2000) Chromatin and cancer: causes and
consequences. J Cell Biochem Suppl Suppl 35: 61-68.

. Uramoto H, Wetterskog D, Hackzell A, Matsumoto Y, Funa K (2004) p73

competes with co-activators and recruits histone deacetylase to NF-Y in the
repression of PDGF beta-receptor. J Cell Sci 117: 5323-5331.

. Bennett KL, Romigh T, Arab K, Teresi RE, Tada Y, et al. (2009) Activator

protein 2 alpha (AP2alpha) suppresses 42 kDa C/CAAT enhancer binding
protein alpha (p42(C/EBPalpha)) in head and neck squamous cell carcinoma.
Int J Cancer 124: 1285-1292.

. Liu H, Tan BC, Tseng KH, Chuang CP, Yeh CW, et al. (2007) Nucleophosmin

acts as a novel AP2alpha-binding transcriptional corepressor during cell

differentiation. EMBO Rep 8: 394-400.

. Zhang G, Veldhuis JD (2004) Requirement for proximal putative Spl and AP-2

cis-deoxyribonucleic acid elements in mediating basal and luteinizing hormone-
and insulin-dependent in vitro transcriptional activation of the CYP17 gene in
porcine theca cells. Endocrinology 145: 2760-2766.

. Taylor KH, Pena-Hernandez KE, Davis JW, Arthur GL, Duff D], et al. (2007)

Large-scale CpG methylation analysis identifies novel candidate genes and
reveals methylation hotspots in acute lymphoblastic leukemia. Cancer Res 67:
2617-2625.

Suyama E, Minoshima H, Kawasaki H, Taira K (2002) Identification of AP-2-
regulated genes by macroarray profiling of gene expression in human A375P
melanoma. Nucleic Acids Res Suppl: 247-248.

. Choi HJ, Chung TW, Kim SJ, Cho SY, Lee YS, et al. (2008) The AP-2alpha

transcription factor is required for the ganglioside GM3-stimulated transcrip-
tional regulation of a PTEN gene. Glycobiology 18: 395-407.

Esteller M, Levine R, Baylin SB, Ellenson LH, Herman JG (1998) MLH]1
promoter hypermethylation is associated with the microsatellite instability
phenotype in sporadic endometrial carcinomas. Oncogene 17: 2413-2417.

@ PLoS ONE | www.plosone.org

21.

22.

23.

24.

29.

30.

31

32.

AP-2a Targets Methylation

Leung SY, Yuen ST, Chung LP, Chu KM, Chan AS, et al. (1999) hMLH1
promoter methylation and lack of hMLHI expression in sporadic gastric
carcinomas with high-frequency microsatellite instability. Cancer Res 59:
159-164.

Thibodeau SN, French AJ, Cunningham JM, Tester D, Burgart L], et al. (1998)
Microsatellite instability in colorectal cancer: different mutator phenotypes and
the principal involvement of hMLH]1. Cancer Res 58: 1713-1718.

Kawamoto K, Okino ST, Place RF, Urakami S, Hirata H, et al. (2007)
Epigenetic modifications of RASSFIA gene through chromatin remodeling in
prostate cancer. Clin Cancer Res 13: 2541-2548.

McCool KW, Xu X, Singer DB, Murdoch FE, Fritsch MK (2007) The role of
histone acetylation in regulating early gene expression patterns during early
embryonic stem cell differentiation. J Biol Chem 282: 6696-6706.

. Provenzano M]J, Yu L, Hitchler M]J, Fitzgerald MP, Robinson RA, et al. (2007)

AP-2 participates in the transcriptional control of the amyloid precursor protein
(APP) gene in oral squamous cell carcinoma. Exp Mol Pathol 83: 277-282.

. Koinuma D, Tsutsumi S, Kamimura N, Taniguchi H, Miyazawa K, et al. (2009)

Chromatin immunoprecipitation on microarray analysis of Smad2/3 binding
sites reveals roles of ETS1 and TFAP2A in transforming growth factor beta
signaling. Mol Cell Biol 29: 172-186.

. Yu Y, Wang Y, Li M, Kannan P (2002) Tumorigenic effect of transcription

factor hAP-2alpha and the intricate link between hAP-2alpha activation and
squelching. Mol Carcinog 34: 172-179.

. Schulte JH, Kirfel J, Lim S, Schramm A, Friedrichs N, et al. (2008)

Transcription factor AP2alpha (TFAP2a) regulates differentiation and prolifer-
ation of neuroblastoma cells. Cancer Lett 271: 56-63.

Hannay JA, Liu J, Zhu QS, Bolshakov SV, Li L, et al. (2007) Rad51
overexpression contributes to chemoresistance in human soft tissue sarcoma
cells: a role for p53/activator protein 2 transcriptional regulation. Mol Cancer
Ther 6: 1650-1660.

Boland CR, Thibodeau SN, Hamilton SR, Sidransky D, Eshleman JR, et al.
(1998) A National Cancer Institute Workshop on Microsatellite Instability for
cancer detection and familial predisposition: development of international
criteria for the determination of microsatellite instability in colorectal cancer.
Cancer Res 58: 5248-5257.

Ogino S, Brahmandam M, Cantor M, Namgyal C, Kawasaki T, et al. (2006)
Distinct molecular features of colorectal carcinoma with signet ring cell
component and colorectal carcinoma with mucinous component. Mod Pathol
19: 59-68.

Demokan S, Suoglu Y, Demir D, Gozeler M, Dalay N (2006) Microsatellite
instability and methylation of the DNA mismatch repair genes in head and neck
cancer. Ann Oncol 17: 995-999.

. Dietmaier W, Wallinger S, Bocker T, Kullmann F, Fishel R, et al. (1997)

Diagnostic microsatellite instability: definition and correlation with mismatch
repair protein expression. Cancer Res 57: 4749-4756.

. Bennett KL, Hackanson B, Smith LT, Morrison CD, Lang JC, et al. (2007)

Tumor suppressor activity of CCAAT/enhancer binding protein alpha is
epigenetically down-regulated in head and neck squamous cell carcinoma.
Cancer Res 67: 4657-4664.

5. Tada Y, Brena RM, Hackanson B, Morrison C, Otterson GA, et al. (2006)

Epigenetic modulation of tumor suppressor CCAAT/enhancer binding protein
alpha activity in lung cancer. J Natl Cancer Inst 98: 396-406.

September 2009 | Volume 4 | Issue 9 | e6931



